Most infections by human papillomaviruses (HPVs) are 'acute', that is non-persistent. Yet, 1 for HPVs, as for many other oncoviruses, there is a striking gap between our detailed understanding 2 of chronic infections and our limited data on the early stages of infection. Here we argue that 3 studying HPV acute infections is necessary and timely. Focusing on early interactions will help 4 explain why certain infections are cleared while others become chronic or latent. From a molecular 5 perspective, descriptions of immune effectors and pro-inflammatory pathways during the initial 6 stages of infections have the potential to lead to novel treatments or to improved handling algorithms.
Bar color intensity reflects the prevalence of cervical cancer in the corresponding age class (and hence the focus of current research). Data should be read as follows, using the 30-34 years of age as an example: in less developed regions, among the 228 million women in the age class, 40 million (17,8%) display a normal cytology but are actually infected by HPVs, and 30 thousand (0,013%) suffer from cervical cancer, while in more developed regions among the 42 million women in the age class, 4.3 million (10,2%) display a normal cytology but are actually infected by HPVs, and 6 thousand (0,015%) suffer from cervical cancer. Data correspond to HPV prevalence in women with normal cytology, as estimated in the HPV information center (http://hpvcentre.net/, [4] ). Overall HPV prevalence values will be actually larger, as they will include women with abnormal cytology. No data were available for HPV prevalence in women below 15 years of age. Demographic data correspond to the UN projections for 2015 (note the shift in the logarithmic scale for the left and the right sides).
of cervical cancer in rich countries [8] . However, their differential implementation has also increased more advanced, as is the case of head and neck cancer [16] , or because they affect populations at of their limitations, these two studies suggest that the little we know about the duration and the actual 119 clearance of acute infections could be challenged by studies with deeper resolution.
[46]. Also, within-host viral genetic structure such as this has been recently put forward as an 147 underlying explanation for the great variance in set-point viral load observed between patients [47] .
148
A meta-population framework was first proposed and applied to HPVs in a study of multiple type 149 infections under natural and vaccinated immunological scenarios [48] . Here, we broaden this as a way 150 to understand the variation in dynamics of HPV infections.
151
The modular nature of mammalian skin and the individual proliferation of cells set the scene for 152 a meta-population scenario, one where discrete viral populations can establish in various 'patches' 153 within the same anatomical 'site' and/or in various sites of the same host. We further argue that this 154 framework can help explain the thin line between acute and chronic HPV infections. The meta-population framework, thus, may provide a powerful ecological explanation for the 177 poorly understood differential progression of certain chronic infections towards cancer. Also, viral 178 and cellular genomes will not accumulate similar genetic and/or epigenetic modifications during 179 genuine and apparent chronic infections, thus allowing for molecular tests to differentiate between 180 them. Testing the meta-population hypothesis will require HPV research to engage in spatial ecology This heterogeneity goes beyond the strong assumption of the meta-population concept, which 199 is that it only applies to populations, that is individuals from the same species. To account for 200 different target cell types and for more 'trophic interactions' (here immune cells), we need to invoke 201 the meta-community concept [66] . This has already proven to be appropriate to analyse within-host 202 dynamics, because various parasite species often coinfect the same host, thus compete for space, energy, 203 and resources [67, 68] .
204
A first advantage of an HPV meta-community approach is that it can factor in different target cell 
211
The heterogeneous nature of the skin underlies also the different propensity for chronic viral 212 infections to lead to cancer in different anatomical locations. Many squamous cervical carcinomas 213 associated with HPVs are thought to arise from a discrete population of cuboidal epithelial cells located in the transformation zone between the endo-and the ectocervix [72] . The absence of such 215 transformation zones in the vagina, vulva or penis might explain why the cervix has a much higher 216 burden of infection, higher incidence and younger age-at-diagnosis for cancers compared to other 217 anatomical locations [73] . We can only speculate on why HPV-related cancers also occur in absence of 218 a transformation zone, but a likely explanation is that all infected epithelial stem cells can potentially 219 end up being carcinogenic but that the probability of such event depends on the cell phenotype and 220 the local environment. Finally, heterogeneity between squamous and glandular patches results also 221 in differential susceptibility towards chronification and malignisation by different HPVs and even 222 by closely related viral variants, possibly also modulated by the host genetic background [74] . These 223 known effects of cellular heterogeneity on chronic infections and cancer are likely to also affect acute 224 infections but our knowledge about the latter is very limited.
225
More generally, the underlying hypothesis in our meta-population and meta-community 226 approaches is that acute, latent and chronic infections exhibit differential specific features at the 227 virocellular level, which further vary as a function of the infected cell type and differentiation status.
228
Markers of acute versus true persisting infections will most likely be different for different anatomical 229 sites and skin structures. The overall dynamics of the virus-host interaction is thus an integration of 230 the interactions between viral genotype, host genotype, cellular phenotype and environment. were HPV-uninfected at inclusion, the median number of infections by one of the targeted viruses 328 was 3.6 for 1,000 person-years at risk (data from Table S5 in [94] ). In the intention-to-treat population, 329 which did not exclude 988 additional participants who received at least one vaccine dose, this number 330 increased to 36. Despite the outstanding vaccine efficacy, when millions of women are vaccinated, 331 this will still represent thousands of infections by vaccine-targetted viral genotypes that would be 332 eventually cleared and not result in malignant disease. These acute infections would thus occur in 333 vaccinated women, with a strong immune response, and the question arises whether they may last 334 long enough to allow specific viral lineages (either pre-existing or de novo generated viral variants) to 335 be differentially transmitted, thus paving the way for viral adaptation to this special environment.
336
HPV vaccines can generate off-target immune activity and offer protection against closely related 337 viruses not targeted by the vaccine formulation [95, 96] . Yet viral diversity remains so large that in the 338 few regions where vaccination has reduced the prevalence of vaccine-targeted types, most other HPVs 339 continue to circulate [6, 97] . Overall, vaccination against HPVs will undoubtedly have a strong and 340 highly desirable impact in disease prevention, but it will create novel host environments to which 341 viruses may adapt.
342
Thanks to next generation sequencing, we now have access to an increasing number of full 343 genomes. For instance, very recently, an analysis of more than 5500 HPV16 genomes identified shared 344 feature between viruses isolated from precancers and cancers compared to viruses from case-control 345 samples [98] . However, evaluating the potential for HPV evolution will require genomic data of [1, 4, 101] , except for oral (US [102] ), genital in men (Brazil, Mexico, US, [103] ) and anal (Brazil, Mexico, US [104] ) sites. Detailed data are available in Supplementary Table. are believed to leave behind molecular damage in their host cells, which can lead to cancer several Speculatively, such a long-term impact could concern not only anogenital but also infections at 367 cutaneous sites. Indeed, virtually all humans become infected by very diverse cutaneous HPVs, chiefly 368 beta-and gammapapillomaviruses, which are proposed to act as cofactors for the risk of developing • Are HPVs infections structured in host tissues (the meta-population hypothesis)?
• What is the role of the microbiota in HPV infection clearance, persistence and progression to cancer? [112, 113] 
